Deposition and stripping processes of tin on gold film electrodes studied by surface conductance by Fonticelli, Mariano Hernán et al.
Electrochimica Acta 49 (2004) 5197–5202
Deposition and stripping processes of tin on gold film electrodes
studied by surface conductance
M. Fonticelli, R.I. Tucceri, D. Posadas∗
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Abstract
The CV and surface conductance (SC) responses of tin species adsorbed on evaporated gold film electrodes were studied as a function of
the potential window and the potential sweep rate. Sn adatoms were generated either, by reducing Sn(II) present in the solution (u p d) or by
























bout E ≈ −0.25 V(versus SCE), all the Sn(II) is reduced to Sn(0) and this species is adsorbed on the electrode surface. The subsequent
xidation of Sn(0) leads to Sn(II)ad, adsorbed on the electrode. This species desorbs only when the Sn(II)ad is further oxidised to soluble
n(IV). The number of electrons involved in the reduction of Sn(II) to Sn(0) and vice versa is two. On the other hand, the analysis of the
esistance measurements at low coverage is made by applying the surface Linde’s rule. This leads to the conclusion that the Sn(0) behaves
s an interstitial impurity. SC experiments, made in the potential region corresponding to Sn bulk deposition, suggest the formation of a bulk
n–Au alloy.
2004 Elsevier Ltd. All rights reserved.
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. Introduction
The presence of foreign adatoms on a surface strongly
odifies its catalytic properties. This is of particular impor-
ance in many electrochemical reactions, particularly those
elated to hydrocarbon oxidation [1,2]. In this sense, it is
nteresting to study the modification of the electronic prop-
rties of a metal surface by the presence of foreign atoms.
ne of the methods employed to enquire about these proper-
ies is the measure of the surface conductance (SC) changes
rought about by the surface impurities [3–7]. SC changes
ffer the advantage of being sensitive almost exclusively to
urface processes [8–13].
The Au/Sn system has received little attention. Bowles et
l. [14,15] reported the u p d of tin on platinum electrodes.
icente and Bruckenstein [16] studied the voltammetric re-
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sponse of u p d of Sn(II) on gold by using a rotating gold
ring-disk electrode. They found that Sn(II) in 4 M HCl is
oxidised to Sn(IV) at E1/2 = 0.17 V (versus SCE). Sn(II) is
adsorbed atE< 0.2 V (SCE), but u p d occurs between −0.6 V
< E < 0.0 V. Bulk deposition of Sn(0) begins at E < −0.6 V.
More recently, the CV behaviour of Sn on gold was studied
by Petersson and Ahlberg [17]. They observed two cathodic
peaks. The first one at about −0.38 V (versus Ag/AgCl) and
the second one at about −0.5 V. They assigned the first one
to the u p d of tin and the second one to their nucleation and
growth. B.W. Mao et al., [18] studied by in situ STM, the
Sn u p d on both reconstructed and unreconstructed Au(1 1 1)
electrodes. In the case of unreconstructed surfaces they found
an immersion of Sn clusters into the substrate surface lattice
forming a surface alloy. For the Au(1 1 1) reconstructed sur-
face structural transformations to cordlike structures aligning
all in one direction, also involving surface alloying, were de-
tected. On Au(100) deposition proceeds in three stages [19].
The first one involves u p d deposits of less than a monolayer.
013-4686/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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The second one comprises the formation of a surface alloy.
Finally, there is bulk alloy formation.
Irreversible tin adsorption (ITA) on polyoriented gold
has been studied by Rodes et al. [20]. These authors found
that ITA, in 0.5 M H2SO4, shows voltammetric reduction
and oxidation peaks at 0.155 V (versus RHE) and 0.17 V,
respectively. These values are coincident with the u p d peak
potentials reported in [16]. Based on the pH dependence of
the voltammetric peaks, these workers suggest the formation
of oxygenated Sn species during the oxidation of the adsorbed
tin adlayer. Rodes et al. [21], have studied the influence of
the crystalline orientation of the gold surface structure on
the stability of the adsorbed Sn layer. They found the adlayer
to be stable provided the electrode potential is kept more
negative than 0.25 V (RHE). Also, they found that adsorbed
Sn(0) oxidises to an oxygenated species of Sn(II), except in
the case of Au(1 1 1) where it oxidises to Sn(IV) directly.
The adsorption of tin on other metals such as Pt [22], Ag
[23] and Pd [24] has also been reported.
In this work, we studied the simultaneous CV and SC
responses of Sn adatoms on thin gold films obtained by u p d
and by ITA. We will also report the SC changes at the begining



























A PAR Model 173 potentiostat with a PAR Model 175
function generator were used for the voltammetric measure-
ments. The potential drop at the extremes of the film was
measured with a Keithley Model 160 voltmeter. An X-Y1-Y2
Hewlett-Packard Model 7046 B plotter was used for simul-
taneous CV and SC records.
AR grade chemicals were used without further purifica-
tion. The solutions were prepared with previously purified
water using a Millipore Milli-Q system and then distilled
twice in the presence of alkaline KMnO4.
The irreversible adsorption of Sn(II) was carried out fol-
lowing the procedure of Rodes et al.[20]. The electrode was
immersed in a 10−2 M SnSO4 + 1 M H2SO4 solution at open
circuit for 30 min. Then, the electrode was carefully rinsed
with 1M H2SO4 and introduced into the electrochemical cell
with an imposed potential of 0.05 V.
3. Results and discussion
3.1. CV and SC responses for the u p d of Sn
The CV response of a thin gold film electrode immersed in
a solution containing Sn(II) species, for potentials comprised
















Gold thin film electrodes of about 35 nm thick were grown
nto (1 1 1) single crystal silicon substrates under high vac-
um conditions. The silicon substrates (10 mm × 20 mm and
mm thick) were finally polished with diamond suspension
f 0.25 mm grain size and cleaned using RCA method [25].
he thin film electrode geometry was similar to that described
n [5]. Experiments were performed in a borosilicate glass
lectrochemical cell specifically designed to facilitate the at-
achment of a silicon substrate over which the gold thin film
as evaporated. The silicon substrate was affixed to the bot-
om of the electrochemical cell using a silicone rubber sealant
Dow Corning, 3145 RTV). The electrode area exposed to the
olution was 0.29 cm2. These electrodes exhibit an initial re-
istance of about 10 ohms. A platinum plate of large area
as used as counter electrode. SCE was employed as the
eference electrode. All potentials reported in this work are
eferred to SCE.
Resistance measurements were obtained from the poten-
ial drop between the extreme contacts in the gold film while
irculating a dc current (∼1 mA). The electrode was electro-
hemically polarised at an electrical contact equidistant from
he two contacts at the extreme of the film [26–28].
The resistance change obtained in this way was recorded
s a function of the potential (1R/R–E) together with the
oltammetric response (j−E). The experimental set-up for
imultaneous voltammetric and surface conductivity mea-
urements on thin film electrodes is described in detail in
27,28].he potential region comprised between −0.25 V and 0.05 V,
wo peaks are observed. A cathodic one at E = −0.1 V, cor-
esponding to the underpotential reduction of Sn(II) species,
nd the corresponding oxidation peak at E = −0.08 V. At E
0.2 V another anodic peak, corresponding to the oxidation
f Sn(II) to Sn(IV), is observed [16]. This voltammetric re-
ponse for the Au/Sn(II) system is in agreement with that re-
orted by Vicente and Bruckenstein in chloride medium [16].
hese last authors demonstrated that in the range −0.6 V <
< 0.0 V, u p d of Sn(0) occurs on the gold surface electrode
nd also, that the peak at E = 0.2 V is due to the oxidation
ig. 1. j–E and 1R/R–E responses of a 35 nm thick gold film electrode in a
0−2 M SnSO4 + 1 M H2SO4 solution for different negative potential limits.
can rate: n = 0.01 V s−1.
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of Sn(II) to Sn(IV) as a soluble species [16]. In the presence
of Sn(II) in the solution, the peak at E = 0.2 V is composed
of two contributions [16]: the oxidation of Sn(II)ad adsorbed
and Sn(II) coming from the solution. Also, it should be noted
the presence of a faradaic current contribution during the ca-
thodic sweep, also reported in the literature [17].
Fig. 1 also shows the 1R/R–E response for this u p d. Scan-
ning the potential from 0.45 V towards the negative direction,
the resistance first decreases. This is due to the desorption of
anions from the supporting electrolyte. This is verified by
comparing the 1R/R change, in the potential range 0.15 V <
E < 0.45 V, of the blank solution with that of the solution con-
taining the Sn(II) species. This shows that the Sn(II) reduction
occurs on a gold surface free of adsorbed anions. It should
be noted that when the potential scan is started at 0.45 V, the
electrode surface is practically free from Sn(II)ad, as it has
been completely oxidised to soluble Sn(IV) at 0.45 V. When
the potential reaches the value at which the reduction of the
Sn(II) starts (E≈ 0.0 V), the resistance increases. This is due
to the reduction of Sn(II) to Sn(0), and possibly, to an increase
of the adsorption of Sn(II)ad, since the latter process must be
favoured by the decrease of the potential. On inversion of the
potential scan direction, 1R/R remains nearly constant until
the potential corresponding to the oxidation of the previously






























Fig. 2. j–E (- - -) and 1R/R–E (—) responses within the potential range
−0.175 V < E < 0.1 V. Electrolyte: 10−2 M SnSO4 + 1 M H2SO4 solution;
n = 0.1 V s−1. A similar film as that indicated in Fig. 1 was employed.
be borne in mind that, since in this potential range Sn(II)
remains adsorbed, the observed CV response corresponds
to the oxidation of Sn(0) to Sn(II)ad and to the reduction
of Sn(II)ad species. Correspondingly, the 1R/R changes only
show a closed trace showing the reduction of Sn(II)ad to Sn(0)
and vice versa.
3.2. Voltammetric and surface conductance responses
for the irreversibly adsorbed Sn(II)
The CV of the irreversible adsorbed Sn(II) cycled in the
range −0.17 V <E< 0.03 V is shown in Fig. 3 (solid line). The
electrode was cycled in this potential range for several hours
without change in the CV response. This indicates that the Sn
remains on the surface as Sn(II)ad and as Sn(0). The reduction
charge is equal to the charge required to oxidise Sn(0) to
Sn(II)ad. When the positive potential limit is increased to





tarts decreasing. In the potential range comprised between
.0 V and 0.1 V, 1R/R shows a plateau that is not coinci-
ent with the 1R/R value observed during the negative going
can. This plateau is interpreted on the basis of the existence
f Sn(II)ad species remaining on the gold surface after the
xidation of the u p d tin monolayer as proposed in Ref. [16].
hen the potential corresponding to the oxidation of Sn(II)
o Sn(IV) (E ∼ 0.1 V) is just reached, the resistance further
ecreases, merging together with that of the blank electrolyte.
t this potential complete desorption of Sn(II)ad occurs.
Besides, Fig. 1 shows the effect of changing the nega-
ive potential limit on both the CV and the SC responses. As
his limit is made more negative, the amount of the Sn(0)
ncreases and the corresponding resistance change also in-
reases. This clearly shows that, as in other u p d processes
3,6,29], resistance changes reflect the changes in the amount
f adsorbed metal atoms. As the amount of Sn(0) increases
he value of 1R/R at the plateau at about 0.0–0.1 V, also in-
reases showing that at this potential, the amount of Sn(II)ad,
as increased. Furthermore, as the negative potential limit
s made more negative, the voltammetric response shows a
mall increase in the peak current of the anodic peak at E =
.2 V. This fact is attributed to an increased contribution of
he Sn(II)ad adsorbed on the electrode after the oxidation of
he Sn(0), as shown by the increase of the resistance value at
he plateau at about 0.0–0.1 V.
Simultaneous CV and 1R/R responses were obtained at
ifferent potential scan rates (v) between 0.01 V s−1 and
.1 V s−1, scanning the potential in a smaller potential win-
ow (−0.2 V < E < 0.1 V). The stabilised CV and 1R/R
esponses for the u p d of tin are shown in Fig. 2. It shouldig. 3. Stationary j–E (a) and 1R/R–E (b) responses of irreversibly adsorbed
n: (—). First cycle with positive potential limit extended up to 0.28 V: (- - -);
ollowing cycles: (· · ·); electrolyte: 1 M H2SO4; n = 0.1 V s−1. The charge
f the irreversible adsorbed Sn was 35 mC cm−2.
5200 M. Fonticelli et al. / Electrochimica Acta 49 (2004) 5197–5202
scan shows no cathodic current thus showing that Sn(II)ad.
has almost disappeared in the previous half potential cycle
(Fig. 3, dashed line). It is interesting to remark that at v =
0.1 V s−1 the charge involved in the oxidation of Sn(II) to
Sn(IV) is approximately the same as that for the oxidation of
Sn(0) to Sn(II). This is in agreement with previous finding
of Rodes et al. [21]. These experiments allow to draw two
important conclusions: (i) all the initial Sn(II)ad is reduced to
Sn(0). That is, there is no Sn(II)ad remaining on the surface at
E≈ −0.2 V. Otherwise the anodic charge to oxidise Sn(II)ad
to soluble Sn(IV) would be bigger than the charge employed
to oxidize the Sn(0) to Sn(II)ad. (ii) The charge involved in the
oxidation of Sn(0) to Sn(II)ad is equal to the charge involved
to oxidise Sn(II)ad to Sn(IV). This implies that the number of
electrons exchanged is the same in both processes, namely
two.
The 1R/R-charge dependence for the oxidation of the
Sn(0) obtained from irreversibly adsorbed tin is practically
coincident with that corresponding to the Sn(0) oxidation
process obtained when the potential is cycled in the range
−0.25 V < E < 0.05 V, in the presence of Sn(II) in solution.
This shows that the surface processes are the same in both
cases, that is, the reduction of Sn(II)ad to Sn(0) and vice versa.
In both cases, the charge values were obtained from the in-



























Fig. 4. (1R/R)/Γ as a function of Z2 for different adatoms involved in u p d
and oxidation processes on gold. Data taken from Refs. [6,29,33].
from the anodic curve, which corresponds to the process:
Sn(0) → Sn(II)ad + 2e (2)
and in order to apply the Linde’s rule, we must consider the
process:
Sn(II) → Sn(0) + 2e (3)
It is clear that the resistance changes in processes (2) and
(3) are different. To obtain the resistance change in process
(3), we have to add to the total 1R/R change during the Sn(0)
oxidation process, (1R/R)ox (see full line in Fig. 5), the con-
tribution of the appearing Sn(II)ad, (1R/R)Sn(II). (1R/R)ox is
a function of the oxidation charge. As the resistance decreases
during the oxidation process, we will use the charge values
obtained from integration of the anodic j–E curve (Fig. 2),
starting from 0.05 V down to −0.25 V. We will call this charge
Q. Instead of Q, we will use the fraction Q/Qmax, were Qmax
is the charge obtained integrating from 0.05 V to the more
negative potential (E = −0.25V). In this way, (1R/R)ox in-
creases as Q/Qmax increases (see full line curve in Fig. 5).
F
(
orresponding anodic j–E curves from 0.05 V to −0.25 V so
hat they correspond to the process Sn(II)ad → Sn(0). We
mploy the oxidation charge because during the u p d, there
s a significant faradaic baseline in the presence of Sn(II) in
olution.
At low coverage, the relative resistance change due to the
resence of neutral atomic impurities on a surface can be
ationalised employing the surface Linde’s rule [3,6,30–32].
his relates the relative resistance change with the surface
oncentration of the impurity, Γ , according to:
1R
R
= (a + bZ2)Γ (1)
here a and b are constants that depend on the substrate and
= Zad − Zsub if the impurity is a substitional one and Z =
ad, if it is an interstitial one [6]. Zsub, and Zad, are the num-
er of valence electrons of the substrate and the adsorbate,
espectively. The surface concentration of impurities was ob-
ained from the oxidation charge, Q:Γ = Q/nF, n being the
umber of electrons exchanged (n = 2) and F represents the
araday constant. At low values of Γ , a plot of (1R/R) versus
should give a straight line of slope a + bZ2. Then, a plot of
he slope, (1R/R)/Γ , against Z2, should give a straight line of
ntercept a and slope b. This is shown in Fig. 4 for different
dsorbed metals on Au [6], including some more recent data
or Ni [33]. Among these metals, only Hg and Sn (see below)
ehave as interstitial impurities.
As we said above, the CV profiles corresponding to the
xperiments in the presence of Sn(II), show a faradaic contri-
ution to the cathodic current that prevents an accurate esti-
ation of the u p d charge. Therefore, we estimate the chargeig. 5. 1R/R–Q/Qmax. for the different contributions in Eq. (4): (—)
1R/R)ox; (- · - · -) (1R/R)Sn(II); (- - -) (1R/R)Sn(0).
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The (1R/R)Sn(II) values, as a function of the charge, were ob-
tained from the resistance at the plateau at 0.0V <E < 0.1 V in
Fig. 1. Note that the (1R/R)Sn(II) values at the plateau are dif-
ferent because different amounts of Sn(0) were deposited as
a consequence of the increase in the negative potential limit
(see Fig. 1). Note also that (1R/R)Sn(II), which is a func-
tion of [1 − (Q/Qmax)], appears as decreasing (see slash–dot
curve in Fig. 5). Then, the resistance during to process (3),
































where (1R/R)ox (Q/Qmax), (1R/R)Sn(0) (Q/Qmax) and
(1R/R)Sn(II) [1 − (Q/Qmax)] indicates the functional depen-
dence on the charge and not a product. (1R/R)ox, (1R/R)Sn(0)
and (1R/R)Sn(II) are shown as a function ofQ/Qmax in Fig. 5.
From the knowledge of (1R/R)ox and (1R/R)Sn(II) and
employing Eq. 4, we obtained (1R/R)Sn(0). These values
were plotted as a function of Γ . The slope resulted (1R/R)/Γ
= 4.97107 (g at.)−1cm2. This slope value does not fit in





























Fig. 6. Stationary j–E and ∆R/R–E responses of a gold film electrode in a
10−2 M SnSO4 + 1 M H2SO4 solution at different negative potential limits
within the region of bulk Sn deposition. n = 0.1 V s−1.
of surface species. As the bulk Sn deposition increases, a
small increase in 1R/R is noted. Again this is similar to the
SC response of Hg–Au alloy reported previously [29]. Upon
reversing the potential sweep direction, a further increase of
the resistance is noted. The more negative is the potential
limit, the higher is the increase of the resistance. This in-
crease, similarly to what happens during mercury deposition
on gold with the formation of a bulk Hg–Au alloy [29], can
be explained by the formation of a bulk Sn–Au alloy. As the
stripping of the bulk Sn occurs, the resistance shows a maxi-
mum, and then decreases again until, eventually, it becomes
close to the trace corresponding to the oxidation response of
Sn(II)ad. This shows that the stripping of the Sn from the bulk
alloy still continues in the oxidation region of Sn(II)ad.
4. Conclusions
The SC change of a thin gold film electrode during Sn
u p d and oxidation processes allows to detect the different
tin species present on the gold film surface. In the presence
of Sn(II) in solution, SC experiments shows that when the
positive potential limit is more positive than 0.2 V, the de-
position of Sn(0) adatoms during the negative potential scan












ubstitutional impurity. However, it fits very well if Sn(0) is
onsidered an interstitial one (Z = Zad). It is interesting to
otice that Hg also behaves as an interstitial impurity [29]
Fig. 4). This similarity between electrochemical behaviours
f mercury and tin deposited on gold, is also evident from
he apparent ability of both of them to form alloys with gold
29].
.3. CV and SC responses in the region of bulk Sn
eposition
When the potential is scanned to values E < −0.25 V, the
athodic current increases suddenly due to the onset of bulk
n(0) deposition (Fig. 6). Reaching a negative potential limit
bout −0.45 V, after reversing the potential cycling in the
ositive direction, a current peak for the stripping process of
ulk Sn appears at nearly −0.23 V (Fig. 6, dot–slash line). It
s interesting to note that during these potential excursions,
he u p d and the corresponding oxidation peaks are slightly
ncreased. The formation of an Sn–Au intermetallic phase has
een reported by previous workers [17–19]. This behaviour
s similar to the oxidation of Hg(0) on Au, where the strip-
ing of the alloy leads to a broad current peak superimposed
n the oxidation of surface Hg(0) current response [29]. The
V and the SC responses are compared in Fig. 6. We do not
how SC measurements for potentials more negative than
0.4 V since, in the presence of faradaic currents, there is
n uneven current distribution at the resistive electrode that
nterferes with the resistance measurements [26,28]. At po-
entials where the bulk Sn deposition occurs, the resistance
evels off, indicating that there is no increase in the amountnions and adsorbed Sn(II) species. But, as the negative po-
ential limit decreases (E < 0.0 V), both Sn(0) and Sn(II)ads
pecies seems to coexist on the gold surface. However, for
nough negative potentials (E < −0. 25 V), all the Sn(II)ads
s reduced to Sn(0). During the positive potential scan, the
esistance shows a plateau in the potential region 0.0 V < E <
.1 V due to different coverage of Sn(II)ad species that have
een generated during the Sn(0) oxidation and that remains
dsorbed in this potential range. It is possible to separate the
ontributions of Sn(0) and Sn(II)ads to the total SC.
SC changes for irreversible adsorbed Sn(II) on the gold
lm surface compare very well with those obtained under
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u p d conditions. CV experiments with irreversible adsorbed
Sn allow us to conclude that all the Sn(II)ad on the gold sur-
face is reduced to Sn(0) and that the charge involved in its
reduction is equal to the charge involved to oxidise Sn(II)ad
to Sn(IV), which implies that the number of electrons ex-
changed in both processes is the same, namely two. The Sn
u p d on the gold film surface conforms the Linde’s rule if
Sn(0) behaves as an interstitial impurity.
SC experiments in the potential region corresponding to
tin bulk deposition on gold suggest the formation of a bulk
Au–Sn alloy.
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